To compare the effect of phosphorous concentration (200 mg P l ±1 and 20 mg P l ±1 ) on the denitrifying ef®ciency of Alcaligenes denitri®cans when in the form of planktonic cells or in the form of a bio®lm, and to select the most adequate C/N ratio. Methods and Results: Two types of assays were carried out: with planktonic cells and with cells in bio®lm form. Anoxic bottles with the appropriate C/N and phosphorous concentration were incubated at 30°C and submitted to orbital shaking at 150 rev min
INTRODUCTION
Denitri®cation is a process by which nitrate is reduced via nitrite to nitrous oxide and, ®nally, to harmless nitrogen gas. Accumulation of its intermediates is undesirable as they are toxic. As most denitrifying bacteria are heterotrophic, an organic carbon source is required. Several carbon sources have been used, including methanol, acetate, propionate, acetic acid, glucose, benzoic acid etc. As, in the last few years it has become important to use carbon sources compatible with the standards imposed for drinking water, acetate and citrate are being increasingly used. Blaszczyk (1983) found that in a packed bed reactor working with acetate, denitrifying bacteria were dominated by Pseudomonas aeruginosa, which is pathogenic. Therefore, in this work, citrate was chosen as carbon source and the stoichiometry of denitri®cation, including the requirement for cell synthesis, using it as carbon source was determined. Although the stoichiometric relationships of heterotrophic denitri®cation with various carbonaceous substrates have been referred to in the literature (Gayle et al. 1989; Mateju et al. 1992 ), citrate has not been described.
All bacterial reactions (except photosynthesis) are the result of a synthesis of biomass reaction and an energy production reaction, being both oxidation±reduction reactions. Considering denitri®cation as a two-step process, and using citrate as the carbon and energy source, the following reactions can be written:
First stepX 9NO Besides the requirement of carbon, the availability of phosphorous (usually as phosphate) is a key parameter in microbial growth. For economic reasons, and in order to prevent an excessive suspended biomass growth and to avoid eutrophication, it is important to study the optimal concentration of phosphate necessary to the denitri®cation process.
Although in the past decade there has been an explosion of new technologies to elucidate the structure of bio®lms, such as the confocal laser scanning microscope together with digital image analysis (Caldwell et al. 1992 ) and microsensors, little attention has been paid to the physiological behaviour of the microbial cells. In fact, there is evidence that the behaviour of micro-organisms is different when immobilized on a surface (bio®lm form) and in the aqueous phase (planktonic form). Marshall and Goodman (1994) suggested that differences experienced by bacteria at surfaces may alter the expression of certain genes in either a positive or negative manner and hence, may alter the overall physiological characteristics of the immobilized organisms. McFeters et al. (1990) reported that bacteria attached to sand particles had a shorter lag time and higher speci®c activity in the degradation of nitrilotriacetate than bacteria in the bulk aqueous phase. Vandevivere and Kirchman (1993) have shown that exopolymer production by bacterial cells is stimulated at a solid surface. A Pseudomonas sp. formed long ®lamentous cells when grown as a bio®lm on solid surfaces, whereas cells grown on agar plates or in liquid were normal rods, about 1 lm long (McCoy and Costerton 1982) . In view of this evidence, it seemed important to investigate whether the behaviour of the cells in liquid medium could be extrapolated to the cells in a bio®lm.
The aim of this work was to compare the effect of phosphorous concentration on the denitrifying ef®ciency of Alcaligenes denitri®cans when in the form of planktonic cells or in the form of a bio®lm, and to select the most adequate C/N ratio.
MATERIALS AND METHODS

Bacterial strain and culture medium
The bacterium used in this study was Alcaligenes denitri®cans ATCC 15173, grown in medium containing 0á2448 g ). In the case of the experiments with a C/N 3, 612á2 mg l ±1 C 6 H 5 Na 3 O 7 .2H 2 O and 360á9 mg l ±1 KNO 3 were used. Due to the buffering capacity of the medium, no pH adjustment was made.
Planktonic cells assays
The assays were carried out in 160 ml¯asks containing 90 ml of the culture medium with the appropriate C/N and phosphorous concentration. Each¯ask was inoculated with 2á5 ml of the stock cell suspension, and anoxic conditions were ensured by¯ushing the bottles with helium and immediately sealing them. All bottles were incubated at 30°C and submitted to orbital shaking at 150 rev min ±1 . All assays were carried out in duplicate. Aliquots of 2 ml of each bottle were taken every hour and immediately analysed. Biomass was calculated by optical density at 660 nm.
Samples were then ®ltered through 0á2 lm syringe ®lters and the ®ltrates used for nitrate, citrate and nitrite determinations. At the end of each experiment, the volume of liquid remaining was measured and used to determine total and volatile solids.
Bio®lm formation
Bio®lms of Alc. denitri®cans were produced in an anoxic rotating biological contactor, consisting of 13 polymethyl methacrylate discs (diameter 23á4 cm) and a hood in a single stage, with a total volume of 15á5 l. The rotational speed was 2 rev min ±1 and the temperature was maintained at around 30°C by means of a water bath. The reactor was operated with a hydraulic retention time of 2 h, and was inoculated with 600 ml of a pure culture of Alc. denitri®cans. For the initial formation and accumulation of the bio®lm, the reactor was operated in batch mode for a week. After this period, it was fed continuously with the synthetic medium described above.
Activity of bio®lm
The assessment of bio®lm activity was performed by inoculating 150 ml of the feeding medium, in a 250 ml Schott¯ask, with a known amount of bio®lm. The bio®lm samples to be used as inocula were removed from the ®rst, seventh and thirteenth discs in order to evaluate the activity along the reactor. All the assays were duplicated. The¯asks were incubated in an orbital shaker at 26°C and 150 rev min ±1 . The consumption of substrate (nitrate and citrate) was followed with time.
Analytical methods
Citrate and nitrate concentrations were measured by HPLC (Jasco, Tokyo, Japan) in an organic acids column (Chrompack, 300 mm´6á5 mm; Varian Inc., Middleburg, The Netherlands). Nitrite was determined by a colorimetric method using N-(1-naphthyl)-ethylene-diamine, according to the Standard Methods of Analysis (APHA 1995) . For the determination of nitrite, nitrate and citrate ions, the sample was ®ltered through a 0á2 lm membrane ®lter to remove the interference of suspended particles. Total solids (TS) were also determined in accordance with the Standard Methods of Analysis (APHA 1995) .
RESULTS
According to stoichiometry, the quantity of citrate needed for nitrate removal and for cell synthesis gives a carbon/ nitrogen ratio (C/N) of 1á86. However, some citrate is necessary for the deoxygenation of the medium (McCarty et al. 1969) . Therefore, in this work, two C/N ratios were studied (2 and 3).
It is well known that in addition to carbon and nitrogen, phosphate is an essential element for bacterial growth. An insuf®cient phosphate level leads to nitrite accumulation (Reisinger et al. 1989) . As phosphate concentration signi®-cantly affects denitrifying ef®ciency and it is dif®cult to ®nd information on its optimal value, it was decided to assay two phosphorous concentrations: 200 and 20 mg P l ±1 . The ®rst level was selected based on a study performed in a chemostat with a different denitrifying strain, Alcaligenes faecalis, using a phosphorous concentration of 211 mg l ±1 (Robertson et al. 1989) . However, assuming that 200 mg P l ±1 could lead to excessive biomass growth, a 10-fold smaller phosphorous concentration (20 mg P l ±1 ) was also assayed. The results of the denitrifying activity experiments with cells of Alc. denitri®cans in planktonic form, for the two C/N ratios, are presented in Figs 1 and 2.
The assays for C/N 3 continued for 17 h. All the nitrate was consumed in 16 h and the speci®c nitrate consumption rate was similar for both phosphorous concentrations. Citrate consumption was, on average, only 35%, although the uptake rates were similar to those obtained for C/N 2. This means that there was an over-addition of carbon, which, for economic and environmental reasons, is not advisable. For C/N 2, the assays continued for 28 h. At the end of this time, and for both phosphorous concentrations, all the nitrate had been consumed. All the citrate was consumed in the assays with 200 mg P l ±1 whereas, on average, only 78á5% was consumed in the experiments with 20 mg P l ±1 . The speci®c citrate uptake rate was slightly higher for the higher phosphorous concentration studied. Speci®c nitrate consumption was almost the same for both phosphorous concentrations. From the results, it was concluded that a carbon/nitrogen ratio of 2 was most appropriate. Therefore, the experiments with cells in planktonic form and as a bio®lm were performed with this C/N ratio.
In the assays with cells of Alc. denitri®cans in bio®lm form, with 200 mg P l ±1 , citrate was completely consumed in 3±4 h and nitrate removal attained 85%. In the experiments with 20 mg P l ±1 , nitrate consumption was, on average, 72á5% and citrate was completely consumed in 4±6 h. In this case, nitrate and citrate removal was higher for the higher phosphorous concentration (Fig. 3) . Comparing these results with those obtained with planktonic cells, in terms of nitrate consumption it was veri®ed that the activity of cells in bio®lm form is almost 10-fold higher than that of planktonic cells, whereas it is 14-fold higher when citrate consumption is considered.
DISCUSSION
The activity of cells of Alc. denitri®cans, when grown in suspension in liquid medium and in bio®lm form on a solid surface, was compared. These results showed that speci®c activity in terms of citrate and nitrate consumption was signi®cantly higher for the cells in bio®lm form. This is in accordance with the results of several authors who have reported that bacteria associated with a solid surface exhibit higher uptake rates (Paerl and Merkel 1982; McFeters et al. 1990) . It is well known that cells grown on solid surfaces have different properties from those of planktonic cells. One reason for this is that bacteria adhering to a surface are exposed to environmental conditions not found in the aqueous phase. These different conditions include lower pH levels (resulting from proton accumulation), altered water structure (and hence, altered viscosity and/or water availability) and altered rates of gas exchange (Marshall and Goodman 1994) . According to these authors, as a result of changes in environmental conditions, it is feasible that different sites of genes would be`switched on' or`switched off'.
With regard to the effect of increasing phosphorous concentration, there was no evident increase in the speci®c activity of the planktonic cells. On the other hand, the substrate uptake rate of the bio®lm displayed a marked dependence on phosphorous concentration. 
